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Low levels (~5%) of cinnamaldehydes and
benzaldehydes are found in all isolated lignins and
are responsible for the bright crimson staining of
lignified tissues by phloroglucinol/HCI. Removal of H 0
lignin from wood and plant fibers is the basis of
chemical pulping to produce diverse pulp and paper
products. Genetic engineering of the lignin R? Rt Re
biosynthetic pathway to lower lignin concentration or 3 OH
construct lignins more amenable to extraction is an prr——"

active area of current research. b RL=OCHs, R2=H
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transport in vascular terrestrial plants. They are

CAD catalyzes the last step of the lignin precursor

biosynthetic pathway (Fig. 1), reduction of rigurebl. Sort?e precuhrsors arI]]d producltsI involved in the
; ; ignin biosynthetic pathway. The normal lignin monomers

hydroxycmnamaldehys:lésto r_lyd_roxycmnamyl are the p-hydroxycinnamyl alcohd?s p-coumaryl

alcohol2 (the conventional ||gn|n monomers or alcohol 2a, coniferyl alcohol?b and sinapyl alcohoPc.

. L. .. . Coniferaldehydelb is normally reduced regioselectivel
monolignols). A reduction in CAD activity mightlead 5 produce cgniferyl alcoh@b When CAD £Eactivity s

to accumulation of hydroxycinnamaldehydeghich ~ depressed, coniferaldehy@be accumulates and could
. . __ polymerize or co-polymerize into lignin. Dihydroconiferyl
could copolymerize with normal ligninmonomers.  ajcohol 4b, observed previously only as a minor
Transgenic plants, suppressed in the synthesis of component of softwood lignins, is presumed to derive from
. . coniferaldehyddb via a 1,4- followed by a 1,2-reduction.
CAD sometimes have red-brown _xy_Iem tissue, However, no mechanism for this conversion has been
resembling that of grass brown midrib mutants. SucHeported. p-Coumaryl alcoh@a is readily derived from

: .~ Its aldehydelain th tant, implying that different CAD
plants have increased aldehyde levels, although liggle "> 219enyeetain te muant, Imping hat aiieren

) 2 enzymes are involved fba—-2avs.1b—-2h.
of the aldehyde may actually be incorporated into the

lignin.
d transcript is greatly decreased. In mutant plants, free
coniferaldehydéb (the CAD substrate)

Here we report that a viable loblolly pine, \
accumulates to a high level.

homozygous for the mutacad-nlallele,
incorporates novel monomers into its lignin in
response to a CAD deficiency. The lignin structural
changes were extensive and not predicted by the
current view of the lignin biosynthetic pathway. The
wood of this mutant is brown-red, similar to the
color of the xylem iforown midribmutants and
transgenic plants suppressed in lignin biosynthetic
enzyme activity. CAD activity is 1% or less of wild
type, and relative abundancecatlmRNA

Results and Discussion

Milled wood lignins were isolated for NMR analysis
from the wood of a 12 year old CAD-deficient
mutant and a normal sibling from the same cross. An
estimate of the subunit composition of this unusual
lignin fraction, based on quantitative NMR and other
analytical data, is given in Table 1.
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monomer/oligomer as well as products from initial
5-5-homo-coupling of dihydroconiferyl alcohol
monomers are present in roughly equal amounts
reinforcing the claim that dihydroconiferyl alcohol is a
major monomer during lignification. The monomer
was also found in wood extracts.

CAD normally effects a regioselective “1,2-
reduction” (at C-9) of coniferaldehydé to

produce coniferyl alcoh@b. Our results suggest

that the loss of CAD activity activates or up-
regulates pathways based on “1-4 reduction” (at C-
7) and subsequent 1,2-reduction during lignin
formation to produce the dihydroconiferyl alcohol
monome#b (Fig. 1). If the biochemical reduction is
not totally regioselective, the small amounidlof
producing the dihydroconiferyl units seen in normal
pine lignins could be explained but this rationale
would not allow production efb in such major
proportions without a significant shiftin enzyme
activity or without enhanced activity of an alternate
enzyme. At least one new enzyme would be required
to explain these results.

The amount of subunits derived frgacoumaryl

Figure 2. Regions of the HMQC-TOCSY spectra of milled alcohol2ain the mutant is unchanged (Table 1),

wood lignins from a) the pine cad-n1l mutant, b) a cad- . . :
normal wood. In the CAD mutant, dihydroconiferyl units atéhile the amount of coniferyl alcohol suburditsis

dominant, displacing much of the intensity from the normgreatly reduced. These results imply that the

coniferyl alcohol-derived region. Some of the minor units
can be seen in the pine samples when looking at lower

conltour: Ievelg (nhot srlmwn), The normally predomirtantb independent mechanism such as an additional
aryl ether and phenylcoumaran components, Figure 2b, ith “1 2- ivity” ifi
severely reduced in the cad-n1 mutant, with only sbme @hizyme with *1,2-reductase aciivity” specific for

ether peaks being observable at comparable contour levBi¥droxycinnamaldehydea. Furthermore, few
— these may also arise from p-coumaryl alcohol (in addit@imydro-coumaryl alcohc#aunits were detected

to coniferyl alcohol). Grey contours are from intense _ o

methoxyl signals, carbohydrate impurities, and other Iign&‘?—g)' T_he 1’4_redUCtaS_e activity proposed for the

structures not discussed here. formation of dihydroconiferyl alcohol is therefore
equally specific for coniferaldehydsé.

formation ofp-coumaryl alcoha@autilizes an

NMR spectra show that both coniferaldehyde and

vanillin endgroups, as well as new aldehydes, are  |ncorporation of novel monomers into lignin is
presentin the lignin of the pine mutantas may be  inconsistent with a high level of enzymatic specificity
expected from the suppression of CAD. Wood fromin lignification. Independence from rigid enzymatic
the mutant also had a higher extractable aldehydes control is further supported by other examples of
content. The most striking feature of spectra was duacorporation of non-traditional monomers into

to unexpected elevation of dihydroconiferyl alcohol lignins — see page 30.

units. The HMQC-TOCSY experiment (Fig. 2) .

identified the coupling network for the aryl propanol Conclusions

sidechain that are consistent with model compound
data. Products representing hetero-coupling of
dihydroconiferyl alcohol with a conventional lignin

Well characterized differences in lignin subunit
composition have long been known between major
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taxonomic groups of higher plants, for example, composition of lignin in this mutant pine. A greater
between lignins of hardwood and softwood trees.  understanding of these processes should increase our

However, the narrow range of variation in lignin opportunities to modify lignin content or composition
compositions within groups has suggested structuralthrough genetic engineering — see “A New Frontier
constraints imposed for vascular function and for Plant Modification” page 27 in these summaries.

support. The ability of this pine mutant to produce a
functional lignin polymer from unexpected subunits  For a more complete manuscript describing these
extends the limit of “metabolic plasticity” for the findings in greater detail, s&eience277:235-239,

formation of lignin within an individual species. 1997. The full manuscript in pre-publication form is
Concepts of lignin function based on the previous  on our website ahttp://www.dfrc.wisc.edu/
range of lignin compositions must now be FullTextPubs.html

reexamined in view of the unusual structure and

Table1l. Estimates of subunit compositions (from quantit&B4IMR and DFRC-method data) of the
normal and mutant pine isolated lignida=p-coumaryl alcohol unit&£b = coniferyl alcohol unitst =
cinnamaldehyde unit8;= benzaldehyde units; * aldehydes at ~188 ppCHNMR spectra appear to
derive from coniferaldehydéb = dihydroconiferyl alcohol (+ traces of dihydpezoumaryl alcohcta), the
major component of thd-n1mutant lignin.

Lignin 1 2a 2b 3 4b *
cad-ntmutant 15 10 15 15 30 15
cad-normal 7 10 73 7 3 trace
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